EGF induces the translocation of EGF receptor (EGFR) from the cell surface to the nucleus where EGFR activates gene transcription through its binding to an AT-rich sequence (ATRS) of the target gene promoter. However, how EGFR, without a DNA-binding domain, can bind to the gene promoter is unclear. In the present study, we show that RNA helicase A (RHA) is an important mediator for EGFRinduced gene transactivation. EGF stimulates the interaction of EGFR with RHA in the nucleus of cancer cells. The EGFR/RHA complex then associates with the target gene promoter through binding of RHA to the ATRS of the target gene promoter to activate its transcription. Knockdown of RHA expression in cancer cells abrogates the binding of EGFR to the target gene promoter, thereby reducing EGF/EGFR-induced gene expression. In addition, interruption of EGFR-RHA interaction decreases the EGFR-induced promoter activity. Consistently, we observed a positive correlation of the nuclear expression of EGFR, RHA, and cyclin D1 in human breast cancer samples. These results indicate that RHA is a DNA-binding partner for EGFR-mediated transcriptional activation in the nucleus.
C ell surface EGF receptor (EGFR) has been shown to be localized in the nucleus (1) (2) (3) (4) . Nuclear EGFR has been demonstrated to contribute to cancer cell resistance to cetuximab and radiation treatment (5, 6) and to be negatively correlated with overall survival of patients with multiple cancer types (7) (8) (9) (10) (11) . Moreover, nuclear EGFR interacts with signal transducer and activator of transcription 3 (STAT3), signal transducer and activator of transcription 5A (STAT5A), E2F1, DNA-dependent protein kinase (DNA-PK), and proliferating cell nuclear antigen (PCNA) and plays important roles in cell transformation, proliferation, and DNA repair and replication (12) (13) (14) (15) (16) . Nuclear EGFR regulates gene expression by binding to an AT-rich sequence (ATRS) of the gene's promoter (13, 16, 17) . Additionally, a recent unbiased protein-DNA interactome study indicates that EGFR is a DNAbinding protein (18) . However, EGFR does not contain a DNAbinding domain, and evidence supporting direct binding of EGFR to the specific DNA sequence is lacking. Thus, identifying the DNA-binding partner for EGFR is crucial for understanding how EGFR regulates gene transcription in the nucleus.
RNA helicase A (RHA), the human homolog of Drosophila maleless (MLE) that increases the transcription of male X-linked genes (19) , is a multifunctional protein and is conserved in Drosophila and mammals (20) (21) (22) . RHA belongs to the aspartateglutamate-alanine-aspartate (DEAD) box family of proteins and has the ability to bind to RNA and DNA (23, 24) . RHA regulates gene transcription by interacting with transcription factors (22) or by binding directly to the target gene promoter (25) . Moreover, Drosophila MLE activates rox2 transcription by binding to an ATrich region of the gene promoter (26) . Interestingly, this AT-rich region contains the previously reported EGFR-binding sequence, an ATRS in the promoter regions of cyclin D1 (17) and inducible NOS (iNOS) (13) , raising the very interesting question of whether RHA serves as a DNA-binding partner for nuclear EGFR to activate gene transcription.
Here, we report that RHA is a DNA-binding partner for EGFR in regulating its target gene transcription in the nucleus of cancer cells.
Results
Nuclear Interaction Between EGFR and RHA. To understand the functionality of nuclear EGFR, nano-liquid chromatography (LC)/ MS/MS was used to identify proteins with the potential to interact with EGFR in the nuclei of cancer cells. As shown in Fig. S1A and Table S1 , we identified several RNA helicase proteins, and RHA in particular caught our attention because it is a well-known transcriptional activator (22) and its Drosophila homolog MLE has been shown to bind to the ATRS-containing sequence of rox2 gene promoter (26) . Thus, we hypothesized that RHA is a DNA-binding partner for EGFR-mediated gene transcription in the nucleus.
To determine whether RHA indeed partners with EGFR, we first confirmed that EGFR and RHA interact in vivo. As shown in Fig. 1 A and B , endogenous association of EGFR with RHA in response to EGF treatment was detected mainly in the nuclei but not in the cytoplasm in multiple cell lines. In addition, EGFinduced EGFR-RHA interaction was time dependent on the EGFR nuclear translocation, and the maximum association of EGFR with RHA was observed at 30-min treatment with EGF (Fig.  1C) . Consistent with the biochemical results, confocal microscopy showed that the EGF-induced colocalization of EGFR (green) and RHA (red) was observed in the nuclei of both MDA-MB-468 ( Fig. 1D ) and HeLa cells (Fig. S2A) . To confirm further the nuclear location of EGFR/RHA complexes, sequential photosections of a nucleus were examined, and EGFR/RHA complexes were clearly detected in middle sections (i.e., planes [11] [12] [13] [14] in both MDA-MB-468 and HeLa cells (Fig. S2 B and C) . Taken together, these results suggest that EGFR and RHA interact mainly in the nucleus and that this interaction is greatly increased upon EGF treatment.
To study whether EGFR can bind directly to RHA, an in vitro pull-down assay was performed using in vitro translated EGFR and purified GST-RHA fragments. As shown in Fig. S1B , EGFR was pulled down by two RHA fragments, RHA 623-960 and RHA 961-1270 , but not by GST alone, RHA , or RHA 304-622 , indicating a direct interaction between EGFR and the C-terminal domain of RHA in vitro.
Regulation of Gene Expression by EGFR/RHA Complex in Vivo. To determine whether EGFR regulates gene expression in the nu-cleus through its association with RHA, we performed luciferase assays using either a cyclin D1 promoter (pCCD1-Luc) or an iNOS promoter (piNOS-Luc) in HeLa cells. As shown in Fig. 2A , EGFR (lanes 3 and 4) and RHA (lanes 5 and 6) each increased the luciferase expression, and the combination of EGFR and RHA (lanes 7 and 8) significantly enhanced the activity of these promoters both at basal level and with EGF treatment, suggesting that EGFR and RHA transactivate a target gene promoter in a cooperative fashion.
The role of RHA in nuclear EGFR-induced gene expression was investigated further in HeLa cells by the knockdown of RHA expression with shRNA and siRNA. Knockdown of RHA expression significantly decreased EGFR-induced cyclin D1 promoter activity (Fig. 2B , Left, and Fig. S3 A-C) . Moreover, the down-regulated cyclin D1 promoter activity could be rescued by reexpression of RHA in the RHA knocked-down cells (Fig. S3D , lanes 9 and 10 vs. 7 and 8, respectively). Knocking down RHA consistently reduced the level of endogenous cyclin D1 protein ( Fig. S3 E and F) and suppressed EGF-stimulated cell growth (Fig. S3G) . Similarly, knockdown of RHA expression also reduced the EGFR-induced promoter activities of iNOS (Fig. 2B , Right) and c-fos (Fig. S4A) , which are known to be regulated by nuclear EGFR (13), but did not reduce the promoter activity of c-Jun (Fig. S4B) , which is known to be regulated by traditional EGFR downstream pathways (27, 28) . Taken together, these results support the involvement of RHA in nuclear EGFR-induced gene expression.
To determine whether RHA regulates cyclin D1 gene transcription through its binding to the ATRS of the promoter (similar to the binding of its Drosophila homolog MLE to the ATRScontaining sequence of rox2 promoter) and, if so, whether RHA is the protein through which nuclear EGFR binds to the cyclin D1 gene promoter to regulate its transcription, we performed promoter-reporter assays using cyclin D1 promoter constructs with wild-type or mutated ATRS. Compared with the promoter containing wild-type ATRS, mutation of ATRS in the cyclin D1 promoter decreased the EGFR-stimulated luciferase activity (lane 2 in Fig. 2C or lane 4 vs. lane 3 in Fig. S5A ), a finding consistent with the results of a previous study (17) , and also blocked the effect of RHA in stimulating the cyclin D1 promoter activity (lane 3 in Fig. 2C or lane 6 vs. lane 5 in Fig. S5A ). Moreover, the ATRS mutation reduced the luciferase activity induced by coexpression of EGFR and RHA (lane 4 in Fig. 2C and lane 8 vs. lane 7 in Fig. S5A ). The activity of cyclin D1 promoter with ATRS mutation still was stimulated moderately by EGFR (lane 4 vs. lane 2 in Fig. S5A ) but not by RHA (lane 6 vs. lane 2 in Fig. S5A ), suggesting that activated traditional downstream signaling pathways of EGFR might contribute to the increased luciferase activity. Similarly, a moderate increase of the ATRS-mutated cyclin D1 promoter activity by the EGFR/RHA complex was observed (compare lane 8 with lane 4 in Fig. S5A ), again suggesting that the activated traditional signaling pathways of EGFR and/or a pathway of EGFR/RHA independent of ATRS result in the observed luciferase activity. Taken together, the results suggest that the stimulatory effect of the EGFR/RHA complex on cyclin D1 promoter activity depends mainly on the ATRS of the gene promoter.
We next asked whether the EGFR/RHA complex can bind to the region of the cyclin D1 promoter containing ATRS in vivo. As shown in Fig. 2D , Top, ChIP-PCR analysis indicated that both EGFR (lanes 3 and 4) and RHA (lanes 5 and 6) are associated with the cyclin D1 promoter. This association was enhanced by EGF treatment and was not detected by normal IgG (lanes 1 and 2). Sequential ChIP-PCR analysis revealed that EGFR and RHA associate to bind to the cyclin D1 promoter upon EGF stimulation ( ished the binding of EGFR to the cyclin D1 promoter, indicating that RHA is required for EGFR binding to the cyclin D1 promoter in vivo (Fig. 2D, Bottom) . A consistent result also was obtained from EMSA ( Fig. S5B ) in which the association of the ATRS probe and the nuclear extract (lane 4) could be blocked by pretreatment of the nuclear extract with antibodies against EGFR (lane 8), RHA (lane 9), or both (lane 10) but not by IgG (lane 7). However, RHA knockdown reduced but could not abrogate the binding of EGFR to iNOS promoter upon EGF treatment (Fig. 2E ), probably because, in addition to RHA, EGFR interacts with STAT3, which binds to STAT3-binding site in iNOS promoter. Thus, recruitment of EGFR to the iNOS gene promoter through STAT3 may occur (13) . Taken together, these results suggest that EGFR associates with its target gene promoter through RHA in vivo.
Tyrosine Kinase-Dependent Activation of Cyclin D1 Promoter by EGFR/ RHA Complex. To study whether the stimulatory effect of EGFR/ RHA complex on cyclin D1 promoter is dependent on the tyrosine kinase activity of EGFR, an EGFR kinase dead mutant (MycEGFRkd) was used for the promoter assay. As shown in Fig. 3A , EGFRkd not only abrogated its stimulatory effect on the cyclin D1 promoter activity (lane 3 vs. lane 2) but also blocked the RHAinduced cyclin D1 promoter activity (lane 6 vs. lane 4). Treatment of the cells with EGFR tyrosine kinase inhibitors (genfitinib, AG1478, or erlotinib) consistently blocked the stimulating effects of both EGFR and RHA on the promoter activity (lanes 4, 6, and 8 vs. lanes 3, 5, and 7 in Fig. 3 B, C, and D, respectively), suggesting that EGFR tyrosine kinase activity is important for EGFR/RHA complex-induced cyclin D1 gene transcription. We then asked if the tyrosine kinase activity of EGFR is required for its association with RHA in vivo. The results shown in Fig. 3E indicate that the interaction between EGFR and RHA does not require EGFR tyrosine kinase activity, and this notion was supported by the treatment of MDA-MB-468 cells with EGFR tyrosine kinase inhibitor (Fig. S6A) . Moreover, treatment with Gefitinib did not reduce the binding of EGFR to the cyclin D1 promoter in A431 cells (Fig. 3F , lane 6 vs. lane 5). We then investigated whether EGFR can phosphorylate RHA and found no tyrosine phosphorylation of RHA in A431 cells treated with EGF (Fig. 3G) . Moreover, using MS, we failed to identify any tyrosine phosphorylation site of RHA, although we did identify two previously reported serine phosphorylation sites, Ser87 and Ser321 (Fig. S7) (29, 30) . These results suggest that the major function of RHA in EGFR/RHA-induced cyclin D1 gene transcription is to bring EGFR to the cyclin D1 promoter to form a transcription complex. The requirement of EGFR tyrosine kinase activity for EGFR/RHA-induced cyclin D1 gene transcription and our inability to detect tyrosine phosphorylation of RHA by EGFR suggest that another component or other components in the EGFR/RHA complex may be phosphorylated by EGFR and could play a role in EGFR transcriptional activation in the nucleus.
On the other hand, we investigated whether EGFR/RHAinduced cyclin D1 gene expression is dependent on the ATPase/ helicase activity of RHA. The RHA mutant with loss of ATPase/ helicase activity (RHA K417R ) (31) had effects on cyclin D1 promoter activity similar to those of wild-type RHA (Fig. S8A) , suggesting that the ATPase/helicase activity of RHA is not required for RHA to activate cyclin D1 gene transcription. Consistently, loss of ATPase/helicase activity did not change the interaction of RHA with EGFR (Fig. S8B) .
Reduction of EGFR/RHA Complex-Induced Promoter Activity by Interrupting EGFR-RHA Association. To investigate further the effect of the EGFR-RHA interaction on the EGFR-induced gene transcription, we generated several RHA and EGFR mutation constructs to disturb the interaction of EGFR and RHA and to examine the outcome of the constructs on the EGFR-induced cyclin D1 promoter activity. We first constructed several RHA mutants with deletion of RHA at its N-terminal RNA-binding domain (RHA 360-1270 and RHA 676-1270 ), central helicase domain (RHA Δ378-585 , RHA Δ378-767 , and RHA Δ378-946 ) and C-terminal Arg-Gly-Gly (RGG) box (RHA 1-771 , RHA 1-809 , RHA , and RHA 1-1076 ) (Fig. 4A) . We found that deletion of the central helicase domain of RHA abrogated its interaction with EGFR ( Fig. 4B) , but all the RHA mutants with helicase domain deletion were still translocated into the nucleus (Fig. S9 A and B) , ruling out the possibility that the RHA mutants' lack of interaction with EGFR results from a lack of nuclear translocation. We then investigated the effects of the RHA mutants (RHA Δ378-585 , RHA Δ378-767 , and RHA Δ378-946 ) on EGFR-induced cyclin D1 promoter activity in HeLa cells. To reduce the background from the endogenous RHA, the recipient HeLa cells were stably transfected with RHA shRNA (targeting 3′-UTR) to knock down the endogenous RHA expression (Fig. 2B) . These helicasedomain deletion mutants of RHA, which cannot interact with EGFR, greatly reduced the EGFR-induced activity of the cyclin D1 promoter (Fig. 4C, lanes 16 vs. 14, 18 vs. 14, and 20 vs. 14). Because ATPase/helicase activity of RHA per se did not affect EGFR-induced promoter activity (Fig. S8A) , the reduced promoter activity by the RHA mutants probably resulted from the interruption of the RHA-EGFR interaction. In addition, we constructed several EGFR mutants and found that deletion of the EGFR intracellular domain (EGFR ; Fig. S9C, lane 3) or mutation of the EGFR nuclear localization signal (NLS) (EGFR mNLS , Fig. 4D, lane 3) , previously shown defective to enter the nucleus (32, 33) , abrogated its interaction with RHA in vivo. Accordingly, interrupting EGFR-RHA interaction by the EGFR mutants EGFR and EGFR mNLS significantly reduced EGFR/ RHA-induced cyclin D1 promoter activity (lanes 13 and 14 vs. 11 and 12, respectively, in Fig. S9D and lanes 11 and 12 vs. 9 and 10, respectively, in Fig. 4E ). These data, taken together, support the notion that the interaction between EGFR and RHA is required for the gene transactivation induced by the EGFR/RHA complex. It is worth noting that EGFR , which showed strong ability to interact with RHA in vivo (lane 4 in Fig. S9C ), did not have the ability to activate cyclin D1 gene promoter either by itself (lanes 7 and 8 vs. 3 and 4, respectively, in Fig. S9D ) or in combination with RHA (lanes 15 and 16 vs. 11 and 12, respectively, in Fig. S9D ), suggesting that the interaction of EGFR and RHA is not sufficient and the full length of EGFR is required for the EGFR/RHA complex-activated cyclin D1 gene expression.
Positive Correlation of the Nuclear Expression of EGFR, RHA, and Cyclin D1 in Breast Cancer Cells. To determine the pathologic relevance of the relationship among nuclear EGFR, RHA, and cyclin D1, we analyzed the expression of these proteins in 51 human breast tumor samples. As shown in Fig. 5 , the expression level of nuclear EGFR is correlated strongly with the expression level of nuclear RHA (Fig. 5A) . Moreover, the expression of both nuclear EGFR and RHA is correlated positively with that of cyclin D1 (Fig.  5 A-C) , further supporting our hypothesis that the nuclear EGFR/ RHA complex regulates cyclin D1 gene expression in cancer cells. 
Discussion
In this study, we explored the potential mechanism for EGFRtransactivated gene expression in the nucleus. We found that EGF stimulates the nuclear translocation of EGFR and its interaction with RHA. We then investigated whether the EGFR/RHA complex is associated with the cyclin D1 gene promoter in vivo. Knockdown of RHA expression abrogates EGFR binding to the cyclin D1 gene promoter and therefore reduces cyclin D1 gene expression. The importance of RHA in EGFR-mediated cyclin D1 gene expression is supported further by the study in which interruption of EGFR-RHA interaction significantly reduced EGFR-induced activity of the cyclin D1 promoter. Interestingly, the stimulatory effect of the EGFR/RHA complex on cyclin D1 transcription is dependent on the kinase activity of EGFR but is independent of the helicase activity of RHA. The model described above is not specific to cyclin D1, because RHA also mediates EGFR-induced iNOS promoter activity, suggesting that RHA is a DNA-binding partner for nuclear EGFR in regulating its target gene expression. Notwithstanding our finding of RHA binding to the ATRS, RHA has been shown to bind specifically to a GC-rich sequence in p16
INK4a promoter to regulate its transcription (25) . The different sequence-binding specificities of RHA may result from differences in its posttranslational modification or in the context of the transcriptosome containing RHA. Indeed, acetylation of RHA can regulate its binding to the p16
INK4a promoter (25) . Our data indicate that the tyrosine kinase activity of EGFR is not required for its interaction with RHA but is required for EGFR/RHAinduced cyclin D1 gene transcription. Because we did not observe the tyrosine phosphorylation of RHA in an immunoprecipitationWestern blot or identify any tyrosyl phosphorylation sites by MS, our results suggest that tyrosyl phosphorylation of RHA, if it occurs at all, is very minor in vivo. The requirement of EGFR notion, the data shown in Fig. S9 C and D indicate that interaction between EGFR and RHA is required but not sufficient to activate the promoter activity, supporting the possibility that other component(s) may be involved in the EGFR/RHA complex. Further studies are needed to identify these components.
It is worth noting that the association between EGFR and RHA was found to be independent of EGFR tyrosine kinase in MDA-MB-468 cells (Fig. S6A) , in which EGFR is overexpressed (1.9 × 10 6 /cell) (34) . However, the interaction of EGFR and RHA was inhibited by EGFR tyrosine kinase inhibitor in HeLa cells (Fig.  S6D, Top) , in which the level of EGFR expression is normal (1.4 × 10 5 /cell) (35) . The impaired association of EGFR with RHA in HeLa cells upon treatment with tyrosine kinase inhibitor is caused by the absence of EGF/EGFR internalization and EGFR nuclear translocation in the presence of EGFR tyrosine kinase inhibitor (Fig. S6 C and D) . In MDA-MB-468 cells, by contrast, treatment with tyrosine kinase inhibitor showed little inhibitory effect on EGFR nuclear translocation (Fig. S6B) . Therefore, it is likely that the EGFR-RHA association may be dependent upon the cell type and the level of EGFR expression in the cells. In systems in which EGFR is overexpressed, such as MDA-MB-468 and A431 cells, the internalization of EGFR could occur through a noncoated-pit mechanism (36, 37) and has been demonstrated to be independent of tyrosine kinase (38, 39) . Accordingly, we found that EGFR-RNA association is independent of kinase in these two cell types. However, in HeLa cells, which express a normal range of EGFR, the internalization is known to occur mainly through a coated-pit mechanism (37, 40, 41) that can be blocked by the EGFR tyrosine kinase inhibitor, and therefore the EGFR-RHA association becomes kinase dependent.
Experimental Procedures
The detail procedures are described in SI Experimental Procedures. Briefly, we used cellular fractionation, IP/Western blot, and confocal microscopy to determine the association and co-localization of EGFR and RHA in cancer cells, ChIP to investigate the binding of EGFR/RHA at target gene promoter, transient transfection and luciferase reporter assay to test the promoter activity, IHC to study the relationship among nuclear expression of EGFR, RHA and cyclin D1 in 51 human breast tissue samples.
